The main limitation of this study is the only measurement on the ground based stations, it has been vastly concluded from previous studies (including loads of long term studies) that the lower altitude sources in the Arctic are mainly influenced by high latitude sources, such as Europe; but at higher altitude, the source could originate remotely from lower latitude, such as Asia. Therefore I couldn't see anything novel from this prospective. The long-term isotope carbon measurement may be an interesting part, but the details of data interpretation (how to discriminate from different potential sources) and uncertainty associated with this technology is not fully discussed, leaving the unknown quality of the dataset. There are massive duplications in the supplement, which reads a bit tedious; I would suggest one or two plots merging the similar plots in one plot will work better. Again, the modelling results are not surprising, as we know it will be from high latitude sources; how the model has been improved from only a few data points (you need to show a good statistics)? At last, I don't think this work can fit in the title "The sources of atmospheric black carbon in the European Arctic" by only measuring the BC close to the ground, this grand title should do with the BC at different altitudes and on the snow as well.
The authors produce bottom-up boreal black carbon(BC) emissions using the FLEXPART model and report significantly better agreement with top-down observations after including the BC contribution from open vegetation fires. This is an interesting and significant result as it helps remedy the inability of contemporary transport models to accurately reproduce Arctic BC loadings and seasonality.
As a heavy user of MODIS fire data to support fire emissions modeling, I have focused my attention on this aspect of the manuscript. In this regard, I believe the authors have overlooked several important details (enumerated below) with respect to their use of MODIS fire counts as described in the section "Estimation of open fire influence using MODIS" (lines 270 -277).
1) As a very minor point, the authors should state which MODIS Collection they are using. Almost certainly these were Collection 5 data, but for clarity this should be stated explicitly.
2) Following Wotawa et al. (2006) , the authors "...assumed that every detection represents a burned area of 180 ha, based on a statistical analysis of MODIS fire detections with independent data on area burned." Wotawa et al. reported four different fire-count-to-burned-area ratios, ranging from 160 to 193 ha per fire count, but these ratios were for Terra MODIS fire pixels only. In the present study the authors include both Terra and Aqua MODIS fire pixels, thus one would expect that the figure of 180 ha adopted by the authors should in fact be ~2x smaller. Please correct and/or justify. 3) Related to #2 above, the Wotawa et al. fire-count-to-burned-area ratios are applicable to Boreal Asia and Boreal North America. However, many (most?) of the source fires in the present study are are agricultural fires located at lower latitudes (~40N), and for such fires a figure of 180 ha (1.8 km^2) per fire pixels seems extremely high (agricultural fields are typically ~10x smaller). Please explain and/or justify.
Minor Suggestions
Introduction: It would be helpful to note the 9 September 2011 -27 March 2013 study period in the main text. Currently this information is buried in Figure 1 but otherwise not revealed until very late in the manuscript (L225).
L33: "are not agreeing" --> "does not agree" L37: Change "times" to "and" since the multiplication is already noted earlier in the sentence ("..the product of...").
L57: "This observational data was" --> "These observational data were" L216: "right" --> "proper" 
Reviewer #3 (Remarks to the Author):
The manuscript by Winiger et al. describes a novel approach for apportioning the sources of black carbon aerosols in the Arctic atmosphere using radiocarbon and stable carbon isotope. And the isotope based source apportionment results were fairly comparable with an atmospheric transport model. Their results showed that the model simulation of BC concentrations and source information can be much improved when open biomass burning is incorporated. Although similar approach has been already applied in East/South Asia and the Arctic by the same group, this manuscript presents very interesting and important results and provides insight into the relative importance of biomass burning and fossil combustion emissions to BC in the Arctic atmosphere. The measurements and model predictions are of high quality, the data correction and error analysis is thorough. Therefore, I recommend for a publication if the authors are able to address the revisions and questions I present in the following.
Major comments:
One of the major conclusion is the model could reproduce BC concentrations and source information very well, which was validated by 14C source apportionment. However, it seems that the model underestimated biomass burning contribution by ~15% compared with 14C results. If this is a systematic bias, the author should extent the discussion about possible explanations. For example, are wood burning emissions included in the model? Recent study studies suggest that wood burning for heating is a very important contributor of carbonaceous aerosols in Europe 1-3.
For EC concentrations, the model did not predict very well when EC concentrations were very low (Figure2, 2011 winter). Why? Is it because high uncertainty of 14C measurement when EC is low or overestimation of BC emissions in the model? The model (e.g. inventory input) should be described with more details? Without these information, the bias (or difference) between model and observation stills remains unexplained. I think this is the most novelty part of this study.
I noticed that the same author conducted a very similar observational work in a different site in the Arctic 4. So I encourage the authors include the model vs. observation comparisons from those data in the current paper.
Specific comments: Abstract: detailed source information of BC should be given. For example, how much contribution are from biomass burning or fossil fuel combustion? Lines 17-19: It should be noted that high correlation coefficient does not necessarily mean a good agreement. Slope and offset should be given (at least should be discussed in the main paper).
Lines 52-53: Some references (e.g. 5, 6) We thank all three Reviewers and the Editor for their careful reading of our manuscript and overall supportive comments and suggestions. This constructive input has contributed to improve the manuscript significantly, where we have also had a special eye to improve clarity.
First of all, we agree with Reviewer 1 to have a more specific title, which now reads 'The sources of atmospheric black carbon at a European gateway to the Arctic'. We have also detailed the Methods description for further clarity. Reviewer 2 brought up a concern regarding the fire emissions estimates from satellite products; we have now updated these model calculations using the more well-documented GFED (Global Fire Emissions Database, version 4.1s 1 ) product -with little changes to the overall results ( Figure 1 in the response letter). Reviewer 3 and the Editor asked about the possibility to apply the present modelling approach also to our previously published results from Svalbard 2 . While there are several significant differences in scope and sample/time selection between the short-term earlier study (focus/bias on short high-pollution events spread over only several weeks) and the current study (18-mo continuous complete coverage), we have now performed the extensive and labour-intensive bottom-up modelling for the Zeppelin high-pollution events reported in the earlier paper. The results, now included in the revised ms, demonstrate a larger offset between model and observations for the short-term high-pollution events on Zeppelin, than what is observed in the longer-term observations of the current ms. As now discussed in new text, the small data set on short-term (~24h) high-loading episodes likely reflect more local contributions from wintertime biomass burning sources, likely explaining the offset. For non-elevated episodes, the modelled and observed black carbon concentrations are in a good agreement (see more below). Reviewers 1 and 2 also bring up the issue of the uncertainties related to the carbon isotope-based source apportionment, upon which we have now expanded our description. These and all other issues raised by the Reviewers are detailed below, organized such that first the reviewer/editor comments are given in italic, directly followed by our detailed response and outline of resulting edit in (blue coloured) regular font. References in our responses to line numbers in the manuscript refer to the line numbers of the new version.
Editor's Comments:

While all concerns must be addressed, please pay particular attention to the reviewer comments regarding the justification/validation of remote sensing techniques, as well as clarification of the methods as a whole (please note text limitations outlined below). We also encourage you to consider providing a comparison to previously published works, as suggested by R#3.
We thank the Editor for specific suggestions to improve the quality and clarity of the manuscript. We reviewed the manuscript in detail to improve the description of our methods. To address Reviewer 2's comment regarding the usage of remote sensing data to estimate BC fire emissions, we have rerun our model calculations using the well-established GFED product (Global Fire Emissions Database, version 4.1s 1 ), which was not available yet during our first efforts. Thanks to a comment by Reviewer 2 we realized a small error in the treatment of BC emission data, namely the double accounting of agricultural waste burning, which was included in both, the fossil fraction, as well as (at least partially) in the fire emission data received by satellite. We have now corrected this error. In response letter Figure 1 (below) we show three different scenarios from the model calculations: 1. Original model, 2. Original model with corrected agricultural waste burning and 3. New model with GFED4.1s fire emissions and corrected agricultural waste burning. It is clear that these corrections did not affect the results in any major way, and the conclusions remain unchanged. In addition, we performed the comparison with previously published results 2 . Due to data selection bias for that limited study (capturing only events with elevated BC concentrations), which did not offer any comparison with models, it is hard to evaluate the mismatch between the now performed modelling and observations for the former case. We also emphasize that the Winiger et al. study was conducted over a limited time-period (January to March 2009), whereas the present study investigated the full year cycle (18-mo continuous). We welcome the Editor's invitation to include more material in the main manuscript and have included Figure 5 (previously in the Supplementary Information) as well as extended the methods sections on carbon isotopes and Bayesian modelling, in addition to changes made due to all reviewer comments. We thank Reviewer 1 for the assessment of our manuscript and for providing suggestions to improve clarity and quality. We agree in a general sense with the reviewer that it would be valuable to have the year-round continuous Arctic BC and 14C-based BC source apportionment data also in a vertical columnar resolution, yet this is unfortunately not achievable in the present (for anywhere on Earth). Meanwhile, research at ground-based observatories around the Arctic is continuing to provide useful new knowledge of aerosols in the Arctic. A long-standing challenge in Arctic atmospheric science is the inability of models to capture the seasonal cycle of BC and other atmospheric constituents at groundbased stations despite multiple efforts in recent years [3] [4] [5] [6] [7] . Thus, even though the emission sources contributing to ground-level concentrations qualitatively may be more regional than at higher altitudes, our quantitative understanding of how these sources contribute to the Arctic have been poor. The current study, for the first time, show good quantitative agreement between observations and modelling at an Arctic site, both for concentrations and for estimated sources. Central to this agreement is the inclusion of fire emission estimates from remote sensing products in the modelling. This shows that the FLEXPART model well captures the transport of BC, but that a correct assessment of emissions is key to obtain closure between models and observations. These findings suggest increased confidence for future chemical transport and climate modelling efforts. We have paid special attention to clarify this message in the manuscript (lines 133-137;166-169 & 208-211). We thank Reviewer 1 for highlighting lack of clarity regarding the description of the carbon isotope techniques and related uncertainties. The related uncertainties: experimental and source estimation uncertainties were estimated using Monte Carlo simulations, and are typically low (<5%) for estimated fraction biomass. For the differentiation between liquid fossil fuels and fossil coal the uncertainties are larger due to the larger uncertainties related to what is known about the stable carbon (δ 13 C) signatures of the pure source emissions (endmembers). We have re-written the methods section to increase clarity (lines 278-280 & 333-343). We agree that the supplementary materials were long and repetitive. To improve clarity and distinctness we have moved Supplementary Figure S 39 to the main manuscript ( Figure 5) , and improved the quality and reduced the number of the remaining supplementary figures (see updated Supplementary Information).
Reviewer: 1
The linear fit between model and observations, both for concentrations and relative source contributions (R 2 =0.61 and R 2 =0.57, respectively), is significantly improved when the fire emissions from the remote sensing product is included with the bottom-up emission inventory (coefficient of determination (R 2 ) of source contribution without open fire emissions = 0.26). We have emphasized this feature in the main manuscript (lines 166-169). Finally, we agree with the Reviewer that the title maybe too generalized. We have changed it to: 'The sources of atmospheric black carbon at a gateway to the European Arctic'.
Reviewer: 2
The authors produce bottom-up boreal black carbon (BC) Reviewer 2 has raised an important issue here. The application of the simplistic algorithm used in this work was undertaken because other fire products (i.e. Global Fire Emissions Database, GFED4) were not available at that time. Since GFED4 has now become available, which is -as the Reviewer most likely knows -a widely accepted fire emissions inventory 1 . We have now gone back and replaced the previously used MODIS data with GFED, version GFED4.1s. This has of course led to changes in the methods description of manuscript ( Figures, Supplementary Figures and Tables) . However, we would like to stress, that it did not lead to any major changes in the results or conclusions of the manuscript, as can be seen in Response Letter Response Letter Figure 1 (above) . We replace the inset "a" in Figure 1 with fire BC emission data from GFED4.1s and the units of the main map have been changed to facilitate direct comparison for the reader. We updated 
1) As a very minor point, the authors should state which MODIS Collection they are using. Almost certainly these were Collection 5 data, but for clarity this should be stated explicitly.
This is correct; we did use Collection 5 data. As you probably know, with GFED4.1s, we now implement Collection 5.1 data, as stated in the newly revised method section (lines 324-331).
2) Following Wotawa et al. (2006), the authors "...assumed that every detection represents a burned area of 180 ha, based on a statistical analysis of MODIS fire detections with independent data on area burned." Wotawa et al. reported four different fire-count-to-burned-area ratios, ranging from 160 to 193 ha per fire count, but these ratios were for Terra MODIS fire pixels only. In the present study the authors include both Terra and Aqua MODIS fire pixels, thus one would expect that the figure of 180 ha adopted by the authors should in fact be ~2x smaller. Please correct and/or justify. Furthermore, Wotawa et al. (2006) used the Collection 4 MODIS product, while the authors presumably (see #1 above) used Collection 5. It is not clear that the Wotawa et al. figures are applicable to Collection 5. Again, please correct and/or justify. In combination these discrepancies may help account for the 2x overestimation reported by the authors for the fall period.
We regret having caused confusion by not properly discussing this issue in our methods section. With the use of GFED4.1s data, this should now be resolved as GFED is more well-documented 1, 15, 16 . It did however not solve the conundrum of the overestimated fall periods.
3) Related to #2 above, the Wotawa et al. fire-count-to-burned-area ratios are applicable to Boreal Asia and Boreal North America. However, many (most?) of the source fires in the present study are are agricultural fires located at lower latitudes (~40N), and for such fires a figure of 180 ha (1.8 km^2) per fire pixels seems extremely high (agricultural fields are typically ~10x smaller). Please explain and/or justify.
Again, with the application of GFED4.1s data, this should now be resolved, since it specifically includes also small fires, as opposed to earlier GFED versions, e.g., GFED3, which used a different filtering scheme. 
Minor Suggestions
.").
Changed (line 37).
L57: "This observational data was" --> "These observational data were"
Changed (line 59).
L216: "right" --> "proper"
Changed (line 231). 
Changed
Reviewer: 3
The manuscript by Winiger et al. describes a novel approach for apportioning the sources of black carbon aerosols in the Arctic atmosphere using radiocarbon and stable carbon isotope. And the isotope based source apportionment results were fairly comparable with an atmospheric transport model. Their results showed that the model simulation of BC concentrations and source information can be much improved when open biomass burning is incorporated. Although similar approach has been already applied in East/South Asia and the Arctic by the same group, this manuscript presents very interesting and important results and provides insight into the relative importance of biomass burning and fossil combustion emissions to BC in the Arctic atmosphere. The measurements and model predictions are of high quality, the data correction and error analysis is thorough. Therefore, I recommend for a publication if the authors are able to address the revisions and questions I present in the following.
We thank Reviewer 3 for the overall positive assessment. The reviewer's recognition that we here apply the same radiocarbon source apportionment methodology to the Arctic as we have earlier done to BC aerosols in India and China is correct. However, the resulting quantitative source apportionment for EC is very different between India vs China vs the Arctic. We are therefore glad to see that Reviewer 3 acknowledges that "this manuscript presents very interesting and important results". Responses to the specific comments/questions are detailed below. Looking at the total average, the model did underestimate biomass burning by some degree (13% for the reviewed manuscript and 12% in case of the updated GFED4 version of the manuscript). Considering single samples, the model estimates varied from 55-136% to observed fractions of biomass burning. A perhaps more likely explanation, than a systematic bias, is therefore perhaps the inherent uncertainties of the modelling: 12-13% is a rather low offset considering the typically larger uncertainties reported in bottom-up emission inventories 17 . A direct observation to model comparison of black carbon concentration, as well as fraction biomass burning, has now been included in Supplementary Table 8 . Wood burning emissions, as our study (and our previous work 2 ) shows, are indeed important contributors to carbonaceous aerosols. Its emissions are included in the model as biofuels, as well as within the GFED4 data, as open biomass burning emissions, including agricultural waste burning. For more clarity, wood burning is specifically mentioned as biofuel in the description of the model in line 315. Furthermore, we added, detailed discussion in the methods section of the revised manuscript (lines 319-322) and added a detailed table of the ECLIPSE emissions partitioning in Supplementary Table 9 .
For EC concentrations, the model did not predict very well when EC concentrations were very low (Figure2, 2011 winter). Why? Is it because high uncertainty of 14C measurement when EC is low or overestimation of BC emissions in the model? The model (e.g. inventory input) should be described with more details? Without these information, the bias (or difference) between model and observation stills remains unexplained. I think this is the most novelty part of this study.
The discrepancy between model and observations during the winter of 2011 is of course important to consider. We currently do not have any clear explanation for the offset in concentrations, yet it should be stressed that the offset in estimated fraction biomass is comparably low. We emphasize that the observed difference in winter 2011 concentrations is not very large in the given context -agreement between models and observations is in general a difficult problem. The uncertainties in 14 C measurements are low for this data set (<5%); the amount of matter collected on the filters rather than atmospheric concentrations are what governs this feature -this is why we used long collection times (2-3 weeks). We have included an expanded description of the bottom-up emission inventory (ECLIPSE) used for this study (lines 301-322). In addition, we have expanded the discussion regarding the offsets in BC concentrations (while similar in fraction biomass) in the manuscript (lines 140-143).
I noticed that the same author conducted a very similar observational work in a different site in the Arctic 4. So I encourage the authors include the model vs. observation comparisons from those data in the current paper.
Yes, the Δ 14 C signature of BC for our earlier study at the Zeppelin Observatory in Svalbard for the period January to March 2009 2 is compared in the submitted ms. Despite the application of the same 14 C technique, there are substantial differences between the observational aspects of these two studies. For the earlier study, we did not have the long filter collections as in Abisko, but only a small set of 24-hours samples. The objective of that study was to understand source contributions to specific high pollution events. To obtain enough carbon material for the technical radioisotope analysis of these samples we therefore selected samples with high EC concentrations only. On average, those samples displayed a rather high fraction biomass (52 ± 15%) for a winter period. Despite the differences in scopes and time duration (few 24.h collections vs. 18-months continuous coverage), we have followed the reviewer request, and now used the current FLEXPART-ECLIPSE-GFED model to compare the Svalbard observations with these new modelling results (Response Letter Figure 2) . Overall, the model suggested lower concentrations than obtained in those short-term high-pollution observations. We believe that a major reason for this offset is that the time points investigated by carbon-14 were influenced by biomass burning events, which are difficult to capture by the model. The 'non-events' in the earlier observation record were in similar range as the model predictions in terms of concentrations. We emphasize that high loading events are not likely to be large fires -which should be incorporated by GFED4 -since these are very scarce in the winter period. Furthermore, we again emphasize that the Svalbard study covers only a limited time-period and is biased by high pollution events -in contrast to the current continuous yearround study in Abisko. The length of the abstract in Nature Communications is limited to 150 words. It is therefore difficult include all relevant information. However, we agree with the Reviewer and have now commented on the quality of the fit, noting that the observed low p-value adds confidence to our interpretation (line 18).
Lines 52-53: Some references (e.g. 5, 6) are missing here.
The two lines in question are on the topic of radiocarbon measurements in BC (EC). The study of reference 5 is very similar to our reference 20 (of the same first author/group as in ref. 5) . Reference 6 on the other hand is not on the topic of radiocarbon in black carbon, but in total carbon (TOC) and water soluble organic carbon (WSOC). We do hence not see any reason to include these references here.
Lines 79-81: Secondary organic carbon from fossil fuel emission could increase OC/EC ratios as well.
We agree. The following sentence has been added (lines 79-81): "OC may come from both primary and secondary sources, and these, in turn, can be from both combustion and non-combustion sources. High OC/EC ratios are therefore..."
Lines 117-118. Please give the reason of a larger seasonal variability in summer. Is it partially due to 14C measurement uncertainty as BC concentrations are very low in summer?
We apologize for this misunderstanding. The variability of the fraction of biomass burning (based on radiocarbon measurements) is not bigger in summer than in winter, nor does the uncertainty of this measurement change much. What this sentence was supposed to mean is, that there are large changes of fraction biomass burning throughout the year. This Sentence has been changed now (line 122-123): "...large seasonal variability in the fraction of biomass burning contribution was observed throughout the year, ..." The uncertainty of the radiocarbon method is now discussed in more detail (lines 278-280). Finally, we thank the reviewer for pointing out these two additional studies. Raatkinen et al. 2015 was previously considered, but then not referenced because the authors used rBC (refractive black carbon), which would have just introduced another (unrelated) form of BC measurement. However, that study does offer some insight with regard to source regions and has thus now been added and discussed (page 9, line 182). In general, the use of high altitude aircraft BC studies, such as in the proposed Liu et al. 2015 (also rBC), is limited because they do not offer a "complete" BC record but only a short snapshot in time and could potentially be biased towards sampling of (high BC concentration) plumes. This does of course not mean, that this was the case in Liu et al. 2015. We have however followed the reviewer recommendation and included also this reference at an appropriate place (page 9, line 192). Figure 4 and supplementary Figures 1, 4, 6, and 7b : Add units of degrees to axis labels.
Reviewer
We thank Reviewer 2 for the second review of our manuscript, especially with regard to this reviewer's deeper insight into satellite-based fire products. The minor suggestions on adding units of degrees to figure labels have been implemented in the final version.
Reviewer: 3
Publish as is. We thank Reviewer 3 for reviewing our manuscript again and recommending it for publication.
